New methods of measuring larger cloud drops of diameters exceeding 50 microns are described. The paper consists of two parts.
The development of a new instrument, based on the principle of the raindrop sensor, for picking up and counting the larger drops from among all the drops impinging on the sensor is described in Part I.
In the second part, the superiority of the photographic emulsion for determining the size spectrum of large drops is described as well as a simple procedure to obtain the permanent records of the size spectrum.
Part I
New instrument for counting larger cloud drops
Introduction
It is well established that the large cloud drops of diameters exceeding about 50 microns originate on large hygroscopic nuclei of mass greater than 10-"g and play a major role in the initiation of shower in warm clouds. There remain, however, some difficulties in explaining the existence of high concentration of such large drops while the concentration of hygroscopic nuclei of 10-"g rarely exceeds 0.1 cm-" and usually is of the order of 0.01 cm'. Furthermore such large cloud drops exist even in a continental cumulus where such large hygroscopic nuclei are non-existent. EAST (1957) pointed out the importance of the condensation growth of numerous smaller cloud drops, which are captured by larger drops by coalescence, and showed that drops of 18 microns in radius at a few hundred meters above the cloud base will grow to 50 microns by condensation and coalescence in a typical cumulus in 20 to 30 minutes. Thus it may be unnecessary to postulate the existence of large hygro- (1952, 58, 62) published many theoretical investigations of shower formation in shallow maritime cumulus clouds and pointed out the importance of stirring motion in cloud besides the hygroscopic nuclei. The stirring motion in cloud carries drops from level to level and sustains certain drops for a long period. These theories, however, have not been proved by observations.
In order to investigate these problems it will be necessary to obtain information on the larger drops, particulary the relationship between the formation of larger cloud drops and the dynamical fine structure of cloud.
The concentration of such larger drops is usually found to be of the order of a few drops per liter or less and rarely exceeds a hundred per liter in clouds with precipitation.
In order to get larger drops we need to sample a few liters of cloud air and the trace of such larger drops will be spoiled in the meanwhile by the numerous smaller drops. On the other hand, particles with diameters ranging from 50 to 200 microns do not make a clear spot on a MgO---and soot-layer or on a blotting paper which is to be used in obtaining raindrop spectra.
For measurement on aircraft an aluminum-foil impacter has been developed by GARROD (1957) et al., but the instrument for the grcund has not been developed yet. MARUYAMA attempted to construct an instrument based on the principle similar to the raindrop sensor in order to obtain the size spectrum, Unfortunately he did not succeed in developing an instrument adequate for practical purposes.
An instrument based on the same principle was developed to detect larger cloud drops rather than to obtain the size spectrum of cloud drops for reasons which will below.
Instrument
An instrument for measuring larger cloud drops is constructed on the basis of the principle of the raindrop sensor.
Two copper filaments 100 microns in diameter are wound on an insulated cylindrical bobbin in parallel with each other as in a coil, and these two filaments are used as the two electrodes. The main part of the sensor of the instrument consists of the above two electrodes. Fig. 1 shows the sensor. The bobbin is a metallic pipe coated with insulated paint or glass pipe and the diameter is about 1.0 cm. The sensor is about 5.0 cm in full length but the sensitive part consisting of the electrodes is 1.0 cm in length. A heater of 30 to 60 watts is inserted in the bobbin to keep its surface temperature higher than its environment by about 50°C. Its surface temperature is monitored by a thermistor thermometer attached to the surface of the sensor. Now, if the drop caught is larger than the space between the two electrodes, it will cause a leak between the electrodes. Then the drop will evaporate at once because of the high surface temperature and the leak will disapear. On the other hand, a drop having a diameter smaller than the space will evaporte without causing a leak.
By means of this sensor, we can pick up drops having diameters exceeding certain sizes from among the numerous cloud drops and count them continuously.
Usually three kinds of sensor are used : one which can detect drops of 50 microns or larger, another for drops of 100 microns or larger and another for drops of 200 microns or larger in diameter. These will be called hereafter the "50 p,-, 100 and 200 ,u-sensor," respectively.
The instrument consists of three sensor provided with pulse circuits which converts the leaks into pulses, (see Fig. 2 ). Fig. 3 is a photograph of the instrument and its sensor. The actual record obtained in small cumulus is given in Fig. 4 . In this figure, the top curve shows the record obtained by the 200 du-sensor, the second that by the 100 p,-sensor and the bottom one that by the 50 ftsensor.
The time variations of the number of drops counted by 50 100 11--and 200 sensor for one minute is shown by histograms in Fig. 5 . This figure indicates that the larger drops appear periodically in the same way as the small drops do and the frequency of their appearance decreases with the increase of size. It must be remembered that the instrument can not give the size-spectrum of larger cloud drops. For example, the difference between the number obtained by the 50 p, and 100 pt-sensors does not give the number of the drops of diameter ranging from 50 ,u, to 100 p. This will be easily understood from Fig. 6 , which shows the cross section of the sensor. In this figure, the diameter of the electrode, that of a cloud drop and the space between the two electrodes are denoted by p, D and co respectively. C1, C2, . . . denote the centers of the electrodes and C2', . . . are their projection points on the surface of the bobbin. The segments of the line C1C2, C2C3 . . . are all the same length. Let us consider the C1C2, C2C3, are equal to p+co. A drop "A" of diameter D can be detected only when the center lies in the region between A1 and A2, which denote, respectively, the center of the drop which touches the Ci and C2 electrodes.
Thus the probability of detecting a drop of diameter D is expresed by the equation Equation (1) indicates that the probability depends not only on the size of the drop but also on the space between the two electrodes. This space is different for each sensor. Therefore the probability depends on the sensor if the cloud drop diameter is fixed. For instance, the 50 A-sensor can detect drops with diameters exceeding 200 microns regardless of the position of the impinging drop if the diameter of the electrode is 100 microns, and drops of diameters exceeding 300 microns can always be detected by the 100 A-sensor in the same way.
3. The accuracy of the instrument As mentioned above, the instrument is useful as a detector for larger cloud drops rather than for the size spectrum of cloud drops. In order to determine the accuracy of the instrument, the result obtained by the instrument is compared with those by the MgO slide. The procedure of the comparision is as follows : The slide is placed horizontaly near the instrument and made to collect the settling drops at the same time. The number of drops measured by the slide is converted into the expectancy number, which means the number of drops counted by the instrument under the same condition through equation (1), and is compared with that by the instrument. The result is shown in Fig. 7 . In this figure, the dotted line indicates the expectancy number of drops greater than 50 microns in diameter and the solid line the number of larger drops detected by the 50 A-sensor. The expectancy number is about Fig. 7 . The comparision between the time variations of cloud drops counted by using 50 ,a-sensor (full line) and deduced by using MgO slide (dotted line) . three times that counted by the present instrument but they show good agreement in tendency. The difference between them will be caused by the following reasons.
i) The ratio of the diameter of the spot on the MgO slide to that of the actual drop is assumed unit. Therefore, the number of larger drops obtained by the MgO slide is overestimated. ii) The drops which impinge simultaneously on the sensor are counted as one drop. iii) The assumption that the drop falls with its terminal velocity in the stagnant air and settles on the sensor or MgO slide. Actually the air is more or less turbulent. Therefore, their collection efficiencies for drops are different.
Results
Preliminary observations of larger cloud drops were carried out by using the instrument at the lakeside of Chuzenji-Ko, 1300 m above the sea level, in Nikko city on the 12th of September 1966. Chanokidaira, 1620 m above the sea level, at the distance of about 1500 m to the southeast of the lakeside and Akechidaira, 1200 m above the sea level, at a distance of about 2000 m to the southeast by east were selected as sites for the secondary observation points.
In general, cumuliform clouds peculiar to the mountain district developed over these areas after about 1000JST and they released drizzle or shower quite often even in the shallow cumulus.
The results are shown in Fig. 8 . The decay of light illustrated in Fig. 8 , curve (a) is measured by a transmissometer.
The thickness of the light pass is 15 m. The five-minute averaged values are shown by the curve. In this figure, the average values for a minute are also shown by black points. These points show the violent fluctuations of light transmission through cloud. This is consistent with the violent fluctuations of droplet concentration to be discussed below. The concentrations of cloud drops in cc. illustrated in Fig. 8 , curve (b) have been obtained from the number of sedimentary cloud drops on a magnesium oxide layer, 24 x 35 mm2. They are mostly contributed by cloud drops less'than about 30 microns in diameter because the concentration of larger cloud drops is very low in comparison with smaller ones. The curves (c) to (e) show the number of cloud drops counted during a minute by the 50 pt-, 100 ,u,-and 200 it-sensors respectively.
They may be considered the frequency of their appearance in clouds. The curves (f) and (g) show the concentrations of cloud drops at Chanokidaira and Akechidaira respectively. In (b), the peak of concentration at the lakeside arose around 1200 J.S.T. while, as shown in (c) meter at the lakeside shows the same violent fluctuation.
Detailed discussion of the subject will be published in a second series of papers. From the above facts and the synthetic analysis of the other data on various cloud elements it is suggested that the larger cloud drops will be generated in a relatively short period, whenever the cloudy thermal is developed pulsationally. The cloud thermal is developed successively and gradually reaches the high levels and there the larger drops are generated and sent into the lower levels. During the fall through the cloud they grow into rain and drizzle.
As mentioned above it may be suggested that the spatial and chronological distribution of the development of cloudy thermals is one of the important factors in rain production.
Part II Photographic emulsion as a larger cloud drop sensor
Introduction
The methods based on photographic emulsion for obtaining the size spectra of water droplets have been employed by many investigators.
There are two types of these methods.
One of them exploits the characteristic of photographic paper to change color on exposure to both light and water. MAGONO (1953) measured the large precipitation elements including snowflake, groupel, ice sleet and raindrop by using photographic paper. KOBAYASHI (1955) measured the size of raindrops by using photo graphic paper pretreated with CoC12. KONIG and SPYERS-DURAN (1961) adopted oscillographic paper. The records by these methods are, however, poor in durability and contrast.
The basic principle of the other type is developing the photographic marks made by precipitation elements. SAKAGISHI and WATANABE (1955) used photographic paper on which powders of the developing agent are scattered uniformly.
KONIG and SPYERS-DURAN (1961) adopted an emulsion pretreated with a developing solution and dried before exposure. They pointed out that this method was sensitive to droplets with diameters exceeding 80 microns. KONIG (1964) also showed that stabilization process paper was the most proper raindrop sensor. ROBERTSON (1965) employed the Brouing Reversing Film for the measurement of raindrops.
Procedure for recording drop sizes
As mentioned in the previous section, many techniques have been developed to obtain permanent records of cloud drop size. An emulsion produces fine spots by the usual photographic process, if the temperature of the developing solution is kept at a few degrees in centigrade.
The area covered a water drop is developed faster than the other area and presents a good contrast.
It is not necessary that the emulsion is developed just after the sampling of drops, and the developing procedures can be done out of doors. The lower limit of detectable size by this method is about 30 microns in spot diameter.
If the positive or microcopy film is treated by D-72 or DK-11 developing solution without dilution for about 1-3 minutes, the clear spots of cloud drops ranging from 30 p, to a few millimeters in diameter can be obtained. The developing time depends not only on the temperature of the developing solution but also the droplet size. In general, a long developing time is needed in order to obtain a clear spot of a small drop.
Photographic
paper and oscillographic paper can be used for the detection of drops with diameters exceeding about 200 microns. Fig. 9 gives the microscopic photographs of artificial cloud droplets with diameters ranging from 30 to 60 microns. (a) and (b) are the samples obtained by using an MgO slide and a fine grain positive film respectively. Fig. 10 is an example of the sample obtained in cumulus cloud with precipitation by using a fine grain positive film. The spot of a large drop forms a concentric circle like the Leisengang's ring. The photographic treatment of the sample was done about two weeks after the sampling. 
Calibration procedure
The relation between the size of a water drop and its spot on the emulsion was obtained by using water drops ranging from 0.6 to 1.2 mm in diameter. The drops were received on fine grain positive films and half of the films were developed within about 20 minutes and the rest after ten days.
The relation between the size of a drop and its spot is almost the same in both cases regardless the time elapsing before the films were developed.
The relation between drop diameter and spot size is shown in Fig. 11 . In the figure, the full circles indicate the observed point and the curve for drops less than 0.6 mm in diameter is obtained by linear extrapolation. The straight line passes the origin of the axis, and the gradient of the line is about Fig. 11 
